⌬ R 2 = 0.034) in all participants. Percent sleep (p = 0.025) and subjective sleep quality (p = 0.017) were lower in caregivers than in controls. In caregivers, the correlation between decreased percent sleep and elevated levels of interleukin-6 (p = 0.042, ⌬ R 2 = 0.039) and C-reactive protein (p ! 0.10, ⌬ R 2 = 0.027) was significantly stronger than in controls. Conclusion: Perceived impairment in sleep related to increased coagulation activity and endothelial dysfunction in all participants, whereas objectively impaired sleep related to inflammation activity in caregivers. The findings provide one explanation for the increased cardiovascular risk in elderly poor sleepers and dementia caregivers in particular.
Introduction
Sleep disorders as diverse as obstructive sleep apnea, sleep curtailment and insomnia have previously been related to increased risk of cardiovascular disease (CVD) [1] [2] [3] . Interestingly enough, this research suggests that it is not only the objectively assessed sleep disturbance which impacts cardiovascular health, but also an individual's perception of his or her impaired sleep. The pathophysiology underlying the link between poor sleep and CVD risk is only beginning to emerge [2] . In sleep apnea, repetitive hypoxia, fragmented sleep and concomitant sympathetic arousal, among other cardiovascular perturbations, might elicit low-grade systemic inflammation, coagulation activation and endothelial dysfunction, all of which contribute to atherosclerosis and its thrombotic complications [4] [5] [6] . Similar mechanisms might be involved in CVD related to sleep curtailment and complaints, but research on this issue is scant [2, 3] .
Chronic sleep deprivation activates inflammatory processes in healthy adults as evidenced by increased circulating levels of C-reactive protein (CRP) [7] and interleukin (IL)-6 [8] . These inflammatory markers have prospectively been associated with increased cardiovascular risk, particularly incident myocardial infarction (MI) [9] . Independent of sleep apnea, the total arousal index correlates with plasma levels of the von Willebrand factor (VWF) antigen in middle-aged subjects [10] . VWF is a marker of endothelial cell activation and damage [11] , previously shown to predict incident coronary artery disease [12] .
In elderly subjects, sleep efficiency assessed by polysomnography was inversely correlated with D-dimer levels [13] . In caregivers of patients with Alzheimer's disease, stage 2 sleep [13] and wake after sleep onset (WASO) [14] were positively associated with D-dimer. An elevated Ddimer level indicates coagulation activation and is a prospective risk factor of incident and recurrent coronary events [15] . Therefore, the observation of increased D-dimer levels in dementia caregivers related to sleep is of potential clinical importance. Alzheimer caregivers run an increased risk of developing CVD [16, 17] and, relative to their non-caregiving counterparts, also experience poorer sleep both objectively and subjectively [18, 19] . A multitude of factors may predispose and contribute to impaired sleep in caregivers. These include age-related changes in sleep architecture and circadian rhythm, night-time awakenings related to nocturnal disruption by the care recipient, physical activity restriction, and the development of poor sleep hygiene practices [20] .
We investigated the relationship between subjective and objective sleep assessed in the home environment and plasma concentration of atherosclerosis biomarkers IL-6, CRP, D-dimer and VWF in elderly Alzheimer caregivers and non-caregiving controls. We expanded on our previous investigations on an association between polysomnographic measures of disrupted sleep and biomarkers of atherosclerosis [13, 14] . The novel aspect of the present study was the examination of objective sleep, as assessed by actigraphy over 3 nights, and subjective sleep quality in relation to markers of inflammation, coagulation and endothelial dysfunction in Alzheimer caregivers and non-caregiving elderly controls. Our primary hypothesis was that poor sleep relates to elevated levels of IL-6, CRP, D-dimer and VWF in all participants. Since we anticipated relatively poorer sleep in caregivers, our second hypothesis was that the relationship between relatively poorer sleep and higher levels of IL-6, CRP, D-dimer and VWF (all of which indicate an increased atherosclerotic risk) would be stronger in caregivers than in controls.
Methods

Study Participants
As part of a larger longitudinal study on effects of dementia caregiving stress on health, cross-sectional data were collected in 145 elderly subjects (97 caregivers and 48 non-caregiving controls). Inclusion criteria included being 6 55 years old and not taking anticoagulant and ␤ -blocker medication. Caregivers were spouses of patients with Alzheimer's disease who lived with and provided informal in-home care for the patient. Controls were community-dwelling elderly not providing care to a household member, but also living with their spouse. In order to yield a representative sample of non-caregivers, controls were recruited in the same proportion of gender and were not excluded for life stress.
Participants were recruited from the University of California San Diego (UCSD) Alzheimer Disease Research Centers, through community support groups and from physician referrals. Controls were also recruited through senior communities and events. All participants gave their informed signed consent, which was approved by the UCSD Institutional Review Board.
Demographic and Medical Data
A research nurse conducted a structured medical history at the participants' homes. For the present analysis, we specifically considered health characteristics which might affect circulating levels of studied biomarkers. Body mass index (BMI) was calculated as the ratio between weight in kilograms and height in square meters. Participants were asked whether a physician had ever told them that they had hypertension, hypercholesterolemia, type II diabetes or MI/stroke (grouped together as CVD) with answers coded as yes/no. Information about current cardiovascular medications (yes/no) was obtained in terms of regular use of aspirin, statins and angiotensin-converting enzyme (ACE) inhibitors. Smoking status was categorized into current smokers vs. former/never smokers. Alcohol intake was quantified in terms of how many days subjects consumed an alcoholic beverage in an average week during the previous 6 months with answers categorized into ^ 1 day per week vs. 6 2 days per week of alcohol consumption. Physical exercise was quantified in terms of the number of days subjects exercised in an average week during the last 6 months with answers categorized into ^ 1 day per week vs. 6 2 days per week of exercise.
Psychometric Assessment
Participants completed self-rated psychometric questionnaires on life stress and psychological distress during the nurse's home visit.
Life Stress
The Role Overload Scale was completed as a measure of life stress with respect to the extent to which caregivers and controls felt overwhelmed by their daily responsibilities [21] . The scale has 4 items rated between 1 (not at all) and 4 (completely) points, e.g. 'you work hard (as a caregiver), but never seem to make any progress'. The sections of the items in parentheses specific to caregivers were omitted in the items presented to non-caregiving controls. We categorized total scores into tertiles (4-6 points, 38%; 7-9 points, 30%; 10-16 points, 32%).
Psychological Distress
The 53-item Brief Symptom Inventory (BSI) was applied to assess psychological distress over the past 6 months [22] . Response choices range from 0 (not at all) to 4 (extremely). Average responses to different subscales were used to calculate an overall score of global psychological distress (i.e. Global Severity Index) ranging from 0 to 4.
Sleep Assessment
Sleep Quality Perceived characteristics of sleep quality were assessed with the interviewer-administered Pittsburg Sleep Quality Index (PSQI) [23] . The PSQI comprises 19 items, which can be grouped along 7 component scores, namely subjective sleep quality, sleep duration, sleep latency, sleep disturbances, sleep efficacy, use of sleep medication and daytime dysfunction. The 7 component scores are summed up to yield a global PSQI score of subjective sleep quality (range 0-21 points) to be used in our analysis. Higher scores on the PSQI indicate poorer sleep quality.
Objective Measures of Sleep
Objective characteristics of sleep were assessed with actigraphy. Actigraphy has been compared against polysomnography (the gold standard for assessing sleep) and has been shown to be reliable and valid [24] . Actigraphy has also been validated in older adults and has been particularly recommended for use in this population [25, 26] . The SleepWatch-O actigraph (Ambulatory Monitoring Inc., Ardsley, N.Y., USA) was worn on the non-dominant wrist for 3 consecutive 24-hour periods (i.e. 72 h). The device detects movement via a piezoelectric bimorph-ceramic cantilever that generates a voltage each time the actigraph is moved. Voltages are gathered continuously and summarized over 1-min intervals. We report data based on the digital integration mode (PIM or proportional integration mode) corresponding most closely to polysomnography in the elderly. ActionW-2 software (Ambulatory Monitoring Inc.) was used to analyze actigraphy data. Participants also completed a sleep diary on which they were asked to record bed time and wake time as well as intervals during which the actigraph was removed for particular activities like showering or bathing. This information was utilized in editing the actigraph records as previously described [27] .
Sleep variables used in the present analysis were selected a priori and averaged across 3 nights. These variables included: (1) total sleep time (the minutes per night spent sleeping while in bed); (2) percent sleep (the percent of minutes scored as sleep); (3) WASO (the time awake in minutes after sleep onset during the in-bed interval); (4) number of awakenings (bouts) after sleep onset; (5) duration of awakenings (mean duration of awakenings in minutes occurring after sleep onset). Because of partial redundancy among these sleep variables, we used total sleep time and WASO to merely describe sleep, but not for statistical analysis.
Analysis of Biomarkers
Subjects were studied between 9 a.m. and 11 a.m. At the participants' home, venous fasting blood was drawn through a 22-gauge venous forearm catheter after a 20-min rest. Blood for the D-dimer and VWF antigen assays was dispensed into polypropylene tubes containing 3.8% sodium citrate (9: 1, v/v) and spun at 2,000 g for 10 min at room temperature. Blood for the IL-6 and CRP assays was dispensed in ETDA tubes and spun at 3,000 g for 10 min at 4-8 ° C. Plasma aliquots were transported to the core lab and stored at -80 ° C in plastic tubes until analyzed. Plasma D-dimer and VWF antigen levels were measured by enzyme-linked immunosorbent assays (Asserachrom , Stago, Asnières, France). Plasma levels of IL-6 were measured by a high-sensitive immunoassay kit (Quantikine; R&D Systems, Minneapolis, Minn., USA). Plasma CRP levels were determined by the High Sensitive CRP Reagent Set (DiaSorin, Stillwater, Minn., USA) using the Roche Cobas Mira Plus analyzer. Intra-and interassay coefficients of variation were ! 10% for all assays. Because of occasional assay problems, data were missing for IL-6 in 5 caregivers and 1 control, for CRP in 9 caregivers and 1 control, for D-dimer in 4 caregivers and 1 control, and for VWF in 3 caregivers.
Data Analysis
Data analysis was conducted with SPSS 15.0 (SPSS Inc., Chicago, Ill., USA). The significance level was set at p ! 0.05 (2-tailed). Borderline significance (p ! 0.10) is also presented to show trends that may help to illustrate relationships. To obtain a normal distribution, all sleep data were subject to Blom normal score transformation. BMI and all biomarker values were logarithmically transformed. After transformation, one D-dimer and one VWF value were 1 3 SDs above the sample mean and were consequently dropped, leaving 139, 135, 139 and 141 subjects, respectively, for the IL-6, CRP, D-dimer and VWF analysis. For clarity, we provide the original values in the text and tables.
Student's t test and Fisher's exact test were used, respectively, to calculate differences in continuous and categorical variables between groups. Bivariate associations between 2 variables were estimated using Pearson's correlation analysis. Multivariate linear regression analysis was employed, using forced entry, to identify which sleep characteristics were significantly associated with biomarkers independent of covariates. To prevent overfitted models, we restricted covariates to variables, which differed between caregivers and controls (i.e. age, exercise and role overload, but not the Global Severity Index because of redundancy with role overload), and to those showing bivariate correlations with biomarkers at p ! 0.10. We first conducted regression analyses on the entire sample and, in a second step, separately on caregivers and controls, using Fisher Z-transformation to test whether correlations strengths between sleep variables and biomarkers would significantly differ between caregivers and controls [28] . Table 1 shows that caregivers were older and exercised less often than controls with no significant differences in other demographic variables. Caregivers endorsed significantly more psychological distress and role overload relative to controls. Caregivers had higher D-dimer levels and, with borderline significance, higher IL-6 than controls.
Results
Health Characteristics
Caregivers reported worse sleep quality and had lower percent sleep than controls. While the number of awakenings did not differ between groups, caregivers had significantly longer awakenings, corresponding to their increased WASO. Table 2 shows the bivariate correlation coefficients for the associations between health characteristics and biomarkers. Women had higher CRP than men (3.49 8 6.19 mg/l vs. 2.27 8 3.54 mg/l, p = 0.032). Age was positively correlated with IL-6 and D-dimer (p ! 0.001). BMI was positively correlated with IL-6 (p = 0.004), CRP (p ! 0.001) and, with borderline significance, VWF (p = 0.076). Compared to former/never smokers, current smokers had higher CRP (5.51 8 5.36 mg/l vs. 2.97 8 5.57 mg/l, p = 0.042) and, with borderline significance, also higher IL-6 (1.88 8 1.37 pg/ml vs. 1.24 8 1.35 pg/ml, p = 0.088). Subjects with a positive history for hypertension and hypercholesterolemia, respectively, had higher D-dimer levels (787 8 545 ng/ml vs. 560 8 356 ng/ml, p = 0.014) and VWF (198 8 128 IU/ml vs. 156 8 86 IU/ml, p = 0.033) than subjects with a negative history.
Bivariate Associations between Health Characteristics and Biomarkers
Correlations among Sleep Measures
In all participants, there was no correlation between PSQI scores and objective measures of percent sleep (p = 
Correlations among Biomarkers
In the entire sample, IL-6 correlated with CRP (r = 0.37, p ! 0.001), D-dimer (r = 0.28, p = 0.001) and VWF (r = 0.017, p = 0.049). D-dimer and VWF were also correlated with each other (r = 0.28, p = 0.001) and CRP showed borderline significance for a correlation with VWF (r = 0.15, p = 0.089). Similar correlations were observed in each group separately.
Correlations among Sleep Measures and Biomarkers
Subjective Sleep Quality and Biomarkers PSQI scores were inversely correlated with D-dimer and VWF in all participants, such that worse subjective When caregiver and control groups were compared, there were significant correlations between some objective measures of sleep and biomarkers in caregivers, but not in controls. Specifically in caregivers, percent sleep showed an inverse correlation with IL-6 (p = 0.006) and, with borderline significance, CRP (p = 0.098). The significance of these correlations was maintained after controlling for covariates (IL-6: p = 0.042, ⌬ R 2 = 0.039; CRP: p = 0.095, ⌬ R 2 = 0.027) and were also significantly different from those in controls ( fig. 2. a, b) .
Moreover, caregivers showed a positive correlation between the number of awakenings and VWF (p = 0.012), maintaining significance after adjusting for covariates (p = 0.013, ⌬ R 2 = 0.065); however, this correlation did not significantly differ between caregivers and controls. In caregivers, the mean duration of awakenings correlated positively with IL-6 (p = 0.014) and D-dimer (p = 0.007), whereby both associations lost significance when taking covariates into account. Moreover, the bivariate correlation between the mean duration of awakenings and Ddimer was significantly different in caregivers from the one in controls, with this difference losing its significance after adjusting for covariates. Although not significant within each group, the multivariate correlations between the higher number of awakenings and elevated IL-6 and CRP in caregivers showed borderline significance for being different from controls.
Discussion
In the entire sample of our community-dwelling elderly participants, we found an inverse relationship between impaired subjective sleep quality and elevated Ddimer and VWF concentration independent of covariates. These findings provide one possible explanation for the previously observed association between sleep complaints and the risk for developing incident fatal and nonfatal coronary artery disease. Difficulties falling asleep, maintaining sleep and waking up unrefreshed have predicted MI and coronary death in various populations [29] [30] [31] [32] . In particular, there was a gradual relationship between the risk of incident MI and more frequent experience of troubles falling asleep, waking too early and restless sleep in participants aged 65 years or over [33] . In our study, across all participants, several significant bivariate correlations between impaired sleep and elevated biomarkers of increased atherosclerotic risk were accounted for by covariates. Borderline significance was observed for the positive association between the number of awakenings and VWF.
Confirming our assumption, both objective measures of sleep and subjective sleep quality were worse in caregivers than in controls. As opposed to control subjects, caregivers showed several significant associations between objectively assessed poor sleep and biomarkers. The inverse relationships between percent sleep and IL-6 and the positive association between the number of awakenings and VWF withstood adjustment for covariates. However, nonsignificant associations observed in caregivers might partly relate to decreased statistical power since the associations between lowered percent sleep and elevated IL-6 and CRP alone were significantly different in caregivers compared to controls in multivariate analysis. Additionally, the relationship between more awakenings and elevated levels of IL-6 and CRP in caregivers showed borderline significance for being different from the associations found in controls.
Autonomic dysfunction appears to be a key mechanism in the link between poor cardiovascular health and sleep complaints and objectively perturbed sleep [2, 3] . Specific to our findings, VWF was shown to be responsive to epinephrine infusion [34] , and morning D-dimer All analyses were adjusted for age, exercise and role overload. The columns show the bivariate (upper row) and adjusted (lower row) correlation coefficients with significance level for all participants, caregivers and controls, and the p value for the comparison of the strength of the correlation coefficients between caregivers and controls. * p < 0.05, ** p < 0.01. 1 Additionally adjusted for BMI, angiotensin-converting enzyme inhibitor use and smoking. 2 Additionally adjusted for gender, BMI and smoking. 3 Additionally adjusted for hypertension. 4 Additionally adjusted for BMI and hypercholesterolemia.
levels were shown to be associated with overnight catecholamine excretion [35] . Catecholamines have also been shown to increase IL-6 gene expression in different cells [36, 37] , systemic IL-6 [37, 38] and CRP [39] . In addition, in a comparably smaller sample of caregivers than investigated in the present study, we found that elevated plasma norepinephrine levels accounted for a significant proportion of the positive relationship between WASO and D-dimer levels [14] .
Our results must be interpreted within the limitations of the study design and population. Moreover, our findings are preliminary in several respects and their clinical relevance needs to be demonstrated. The individual variance of biomarkers explained by poor sleep was rather small. One reason for this might be that we sampled biomarkers at only one point in time. A single point assessment of biomarker levels does not account for the intraindividual variation over time and it captures only par- tially the functioning of complex biologic systems like coagulation, inflammation and the endothelium [40] . On the other hand, we collected blood during a relatively narrow time window of 9: 00-11: 00 a.m., which would have reasonably restricted any diurnal variation in IL-6, CRP, D-dimer and VWF [41, 42] . We performed multiple comparisons, but decided not to adjust the significance level because we were testing one a priori hypothesis in several different ways (i.e. poor sleep would be associated with elevated levels of biomarkers of increased atherosclerotic risk) [43] . Some findings only showed a trend towards significance or lost significance in analyses adjusting for covariates. With a larger sample size, the results could be interpreted with less statistical ambiguity. For instance, in the entire sample, percent sleep was significantly related to IL-6 and D-dimer in the bivariate correlation analysis, but not after taking covariates into account. To observe these relationships as significantly independent of covariates, 197 and 601 participants, respectively, would be required for IL-6 and D-dimer. The sample size also precluded controlling for a more extensive array of confounders. The study of such confounders is particularly important when studying the elderly, most of whom endorse medical problems and medication potentially affecting biomarkers. However, whether the relationship between poor sleep and biomarkers would be even stronger in institutionalized elderly and those with a higher prevalence of pre-existing CVD remains unclear.
Poor subjective sleep and insomnia might be viewed as surrogate markers of chronic stress, poor health and psychological distress [33] . Such arguing would, however, not necessarily discount the importance of insomnia as a valid marker for someone at risk for MI [33] . Moreover, controlling for medical comorbidity and role overload did not attenuate the significant predictive value of the PSQI for plasma VWF and D-dimer levels. The same was true when controlling for the Global Severity Index instead of role overload (not shown). We investigated 4 biomarkers of atherosclerosis covering important areas of pathophysiology in the process of atherosclerosis [9, 12, 15] . Nonetheless, biomarkers were not uniformly related to sleep and distinct relationships might exist, although such reasoning requires confirmation. Other biomarkers, particularly tumor necrosis factor-␣ and IL-1 ␤ , might have been revealed to be more accurate correlates of sleep. These proinflammatory cytokines are ultimately involved in eliciting sickness behavior that is, among other symptoms, characterized by perturbed sleep [44] . With regard to the role of inflammation in sickness behavior and cross-talking of inflammation and coagulation [45] , also observed in our participants, the cross-sectional design precludes any inferences about the directionality of relationships between sleep and biomarkers.
To sum up, we found that subjective impairment in sleep was independently associated with markers of increased coagulation activation and endothelial dysfunction in elderly community-dwelling subjects. Impair- The columns show the bivariate (upper row) and adjusted (lower row) correlation coefficients with significance level for all participants, caregivers (CGR) and controls (CTR), and the p value for the comparison of the strength of the correlation coefficients between caregivers and controls. See table 3 footnotes for statistical adjustments of individual biomarkers. + p < 0.10, * p < 0.05, ** p < 0.01. ment in objective sleep, particularly decreased percent sleep, was independently associated with increased inflammation activity in caregivers relative to controls. These associations may help explain the previously shown increased CVD risk in elderly poor sleepers in general and in Alzheimer caregivers in particular.
